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 LArTPCs are highly capable GeV-scale ve interaction in LArTPC
neutrino detectors

 Cheap, scalable, dense, high-
resolution readout (spatial and
calorimetric)

* [raditionally, used to study
GeV-scale neutrino interactions

e Significant interest to enhance MeV-scale LArTPC

performance with an eye towards future DUNE detectors
arxiv:2203.00740

Low-Energy Physics in Neutrino LArTPCs
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How LArfPCs Work

Chargu a
readout

Charge + Light = Constant

KUBOTA, HISHIDA, SUZUKI, AND RUAN(GEN)
| Phys. Rev. B 20, 3486 (1979) |_J
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MeV-Scale Energy Deposits

“Low-Energy Physics in Neutrino LArTPCs” arXiv:2203.00740
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| S wes swa |0 MEV-scale signals generally
s \ fall on 1-2 channels in LArTPC
» 08—
s ° Energy measurements via range
s L are unreliable, instead need to
w focus on calorimetry
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* |n pure LAr, energy
measurement is degraded
when only charge Is used

 Charge and light are correlated

Area Normalized [Arb.]

~very little
spread ——

Summing these signals leads
to reduced spread
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MeV-Scale Energy Deposits

Simulated

2.5 MeV electron :

raw data * MeV-scale signals generally
2 fall on 1-2 channels in LArTPC
é" Energy measurements via range
= 0.001% of the are unreliable, instead need to
e total readout focus on calorimetry
n surface area

>
Wire
2.5 MeV Electrons Preliminary

_/. > | Scintillation lonization Summed Quanta

— Photons Electrons

* |n pure LAr, energy
measurement is degraded
when only charge Is used

 Charge and light are correlated

Area Normalized [Arb.]

~very little
spread ——

Summing these signals leads
to reduced spread
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Combining Light and Charge

Light Collection Efficiency [y / MeV]
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Iy Based on M. Szydagis, et al., Instruments 5, 13 (2021)

Preliminary

* Energy measurements
improved by combining
light & charge
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Assumes charge readout noise of 20 SNR
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e The NEST collaboration
studied resolution vs.
ight collection

* Results based on only on
microphysical simulation
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Light Collection in LArTPCs

Journal of Physics: Conf. Series 888

* Efficient collection of light is (2017) 012094
challenging in large LArTPCs _ . . 0. Garcia-Gamez
@ [ SBND
Light is radiated isotropically and 3 "¢ |
photon detectors generally s F ] } Total Light Collected % i i
sit on the LArTPC surfaces s ¥ Ty - } % | \ '
; 120E : % } * T % %
. . g |t |
* With substantial effort SBND g = oweavan 41 j 11 moteseation
has the highest light collection - “HHH
_ n 1 A 5
efficiency of any large LAITPC £ #*° TS
Collects ~1% of the ||ght % '2101 | '451 | 16101 | 18101 | '1601 | '1501 | 1141101 | 1161501 | 1151301 | lzcl)o 220

distance to photocathode plane [cm]

Sufficient for GeV-scale program

For MeV-scale measurements a solution that increases
the light collected by 100x is needed ,

J. Zennamo, Fermilab



* Jo collect the largest possible
fraction of the deposited energy we
could convert the light to charge

* [his would take the isotropic, short
wavelength light and convert it into
directional electrons that are already
efticiently collected

 This would allow us to collect the most
information about the scintillation signal
and enable a higher precision measurement
of the energy deposited

* [his conversion can be achieved
through doping with a special class
of hydrocarbons

J. Zennamo, Fermilab

Another Way? Photo-conversion




Photosensitive Chemicals

e These chemicals work by having Scintillation y Energy

ionizat th
an ioniZation energy near tne 1 Ar 06 e\/
LAr+Xe 7.0-9.6¢eV

scintillation photon energy

e (Convert scintillation light into

lonization charge
lonization Energies

e Literature has explored many

potential choices (*), the most MG 9.2 eV
commonly used: TMA 7.8 eV
« Tetramethylgermane (TMG), (CH3)4Ge

TEA 7.5eV

* Trimethylamine (TMA), N(CHs)s
o | (In LAr these drop by ~0.7 eV)
e Triethylamine (TEA), N(CH2CH3)s

- These chemicals have a long track record of demonstrations
in the literature starting back in the early 1970s

(*) D.F. Anderson, Nucl. Instr. and Meth. A 242 (1986) 256
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Studies for Collider LAr Calorimeters

. PureLAr@276V/em

* |n the 1980s various dopants were tested EE=EEFAVEY
d  ~10,000 e
~150,000 y

and found to lead to large increase of
charge for highly scintillating particles

e Using 5.5 MeV a-source they found that TMG

increased charge collected by a factor of 9.4 at ‘_1%9

500 V/cm ~30,000 y

» Equivalent to collecting 60% of the light Courtesy of lvan Lepetic

* [hese exciting results don't [ R o Mora s PrTinary
address our fundamental : ’

guestions:

Would this work in a LArTPC?

CHARGE (e—)

Improve MeV-scale energy resolution?

' DUNE
' Electric Field
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Would this work in a LArTPC?

* |[CARUS doped their 3-ton prototype Nucl. Instrum. Methods. Phys.

- Res. B 355, 660 (1995).
detector with TMG to the few ppm level CARLIS Collaberation

: C : e Th h-goi
« TMG worked with their filters and easily purified 0 gt er ot

13000 Fbot | TMG Doping

[ - : """ :rcﬁ ?. - "‘ " 'b'o';" 'Q]'.f ':'.'.' .i
30% increase in muon charge signals 10000 b l ________  pureargon
'a-‘.‘----.----é ................
No degradation of electron lifetime 5000 E";_sﬁ,m fsppm ;f;,pm ;;;m | g
8000 Livww ot on s b aadeany Leo s adasaad
Stable operation over 250 days ®0 Sihpsl? imetaye
. Stopping muons and protons
Found a more linear detector response for '~ ARARERRARE
hl hl ionizin articles = 1 2105 _ 200 V/cm |- .'_
g y g p % E 1105} .......... -4 3.5ppm -
Q ab § 2 TMG ]
. o & 810% : ; gt é T
* Would improve the LArTPC S % oot
& 9 ,qndh a L s
performance for the GeV-scale 5 U F e T pure argon
physics program T
More charge is dE/dx (MeV/cm) More light is
produced produced

_ (Energy Deposited)
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Would this work in a LArTPC?

* |[CARUS doped their 3-ton prototype Nucl. Instrum. Methods. Phys.

: Res. B 355, 660 (1995).
detector with TMG to the few ppm level CARLS Collboration

Would this work in a LArTPC?

o momowm §

L Lo L L STy T

Improve MeV-scale energy
resolution?

performance for the GeV-scale
physics program

T T e Ty L RILTTC Tonreosee
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More charge is dE/dx (MeV/cm) More light is

| produced (Energy Deposited) produced
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I\/IeV—Sca\e Energy Reso\unon

. Studled |mproved electron response W|th S|mulat|on of dopants
* Converts scintillation light to ionization charge, fully integrated into LArSoft

* Does not simulate any smearing from dopants (open R&D question)

 Performed a full large LArTPC detector simulation

* Included wire noise (~350 ENC, ~40 SNR for MIPs), microphysical effects,
detector response, noise filtering, signal processing, and energy reconstruction

Preliminary
. < [ _
* First, we study summead <0 " Simuaton, Wire Readout
' ' = | EXO-200, Charge-Onl
charge without any dOpIﬂg = 8- “" Phys. Rev.CE:r{gllf,OgS)‘gm (2020)
and compare to experiments & r LAMIAT, Charge-Only
@ s + "~ Phys. Rev. D 101, 012010 (2020)
> [
S -
— e
e redieed
2
0: NN NN NN R NN N S A
o 1 2 3 4 5 6 7 8 9 10
Energy Deposited [MeV
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I\/IeV—Sca\e Energy Reso\unon

. Studled |mproved electron response W|th S|mulat|on of dopants
* Converts scintillation light to ionization charge, fully integrated into LArSoft

* Does not simulate any smearing from dopants (open R&D question)

 Performed a full large LArTPC detector simulation

* Included wire noise (~350 ENC, ~40 SNR for MIPs), microphysical effects,

detector response, noise filtering, signal processing, and energy reconstruction
Preliminary

—=— Pure Liquid Argon
—=— with P.S. Dopant, 25% Q.E.
with P.S. Dopant, 100% Q.E.

e First, we study summed
charge without any doping
and compare to experiments

+
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Energy Resolution [%]
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* Then, add dopant simulation g o =
. [ il ——
see Improved energy Reco : SEPUIERARERES So oo oo o on T
o[ 2% meoo Bt SR Do s S

 High QE dopants can enable 1/
1%-level energy resolution

o
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MeV-Scale Energy Resolution

- Studied improved electron response with simulation of dopants

* Converts scintillation light to ionization charge, fully integrated into LArSoft

e Do, nnt ql aW-1a Mmearina from donan Nnnen RRI1 niiegtinn

Would this work in a LArTPC?

eliminary

Improve MeV-scale energy

resolution?

SeE

 High QE dopants can enable
1%-level energy resolution

5 6 7 8 9
Energy Deposited [MeV]
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Energy Resolution @ 2.5 MeV [%)]

Dopants could enable large

LArTPCs, like a future
DUNE module, doped with
136Xe to search for Ov@3f3

Search with 100 ton of >target

Option for DUNE 3rd or 4th module

Preliminary

2.5 MeV electrons
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Game Changing Applications

10°
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arxiv:2203.14700
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Game Changing Applications

10°

This is just one application
Could benefit ideas that need:

1. High charge collection for

highly quenched processes
2. Lower kinematic thresholds
3. Better energy resolution
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Conclusmns

. Photosensmve dopants prowde an excmng opportunlty
to enhance the GeV and MeV reach of massive LArTPCs

* Past experiments and simulations provided us with
tantalizing hints of what these dopants can offer

A rich R&D program is needed to validate the simulated
gains and demonstrate viability at the multi-kiloton scale and beyond

* [hese dopants could remove the need for us to utilize
scintillation light to enhance energy reconstruction,
revolutionizing how LArTPCs can explore the MeV-scale

Including neutrinoless double beta decay searches, solar neutrinos,
supernova neutrinos, and possibly more! arxiv:2203.14700

J. Zennamo, Fermilab 18
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Locating in the Drift Direction

~ NIMA 516 (2004) 348-363

« LArTPCs uses the light to locate the R e
charge in the drift direction w'f
« Cherenkov light produced by .
' . . 10
particles produces light in the |
. 10
optical range .
sl gl Loy
 Easier to detect, insensitive to the dopants, 0 250 500 750 1000
: : Number of Cherenkov photons
and provides a prompt signal (y/cm)
* Less light (~100x) is produced and is = A. Lister, PhD Thesis
produced directionally E o |~ Di=1300ms P
® g D =636cm¥s
 As the cloud of electrons travel 3o s
towards the readout they diffuse £ 7
» The width of this charge correlates with the  § 2 7
distance that charge has traveled g o4t/ v
:90-2% I..|1|1111I11_|.|1||.I
J. Zennamo, Fermilab R B R 20
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2.5 MeV Electrons in LArTPCs

e 2.5 MeV electrons do not follow straight trajectories in LAr

Not easy to measure their range

e |n awire-readout LAr

Plot by Andy Mastbaum

PC these electrons will occupy 1-3
channels in the readout
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Types of Backgrounds

—— R | e —
* A number of sources of backgrounds . / Absorption Length In Argon
need to be addressed to enable Ov[3[3 -~ Total Energy Loss
SeaI’CheS II’] DUNE 60 | Compton Scattering |-

Pair-Production

7/9 ) at 10 GeV
14.167 cm

* Environmental contamination (rock and
detector), cosmic spallation, solar neutrino
Interactions, and intrinsic 2v3[3

Mean Free Path )\
iy
o

 The most challenging background of AT TR

comes from the small fraction of 4?Ar 1Bt b I T L |

. . . . 100 101 102 103 10
which is present in atmospheric argon Photon Energy [ MeV ]

* When 42Ar decays it creates 42K which has an 4
energy that overlaps our energy range and,
with so much LAr, swamps a Ov(33 signal

* TJo mitigate this we would need to use
underground argon which has no 42Ar

300 tons 136Xe

12 m

* The remaining backgrounds can be
suppressed through fiducial volume
cuts and (B+y coincidence tagging

J. Zennamo, Fermilab

< 12 m >
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Baokgrounds and Our S|gnal

When we Combme aII the knovvn source of backgrounds and
integrate some simple background suppression we find the

fOl |OWi n g . mpBp = 25 meV 2,'5 m FiduciaI'VoI. 1.0 % Epes at Qgg
106 T veE
» Backgrounds from 1 i
environmental gamma o — mv
sources are subdominant 3 — »a
= 104 ——— Neutrons
o Spallation and solar 2 ey o)
T 3 103 %9Co (Cryo)
activity form our largest 810 0 (e
backgrounds 2 E—— \
u>.l ._ - NL\AK
=S
100 ' i \

2.0 2.2 2.4 Y 2.8 3.0
Visible Energy [MeV]

Uses underground argon, external shielding,
2.5-meter fiducial volume, 32 cm photon coincidence cut,
J. Zennamo, Fermilab  and veto with 2 meter and 60s of crossing muon 23



Simulated MeV-scale Signatures

Simulation

Pure LAr Doped LAr

J. Zennamo, Fermilab 24



Time (ticks)

 axivi2203.10147
214Bj214Po Tagging

24P o (7.7 MeV)
A

T =164 ps

v
214Bj B (@=33MeV)

MicroBooNE Simulation

Phys.Rev.D 99 (2019) 1, 012002
First MeV-Scale Demonstrations

LAriPG thresholds

Number of Candidates
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— - Fiducial
e00 = Track
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200 —
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MicroBooNE Public Note 1050
39Ar Spectrum
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